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Nowadays, most of the best efficiencies of Cu2ZnSn(S,Se)4 (CZTSSe) solar cells are
obtained from absorber layers fabricated using sequential processes, including the
deposition of metallic stack precursors, typically by sputtering, and followed by reac-
tive annealing under chalcogen atmosphere. The sputtering technique is widely
known for the easy growth of metallic layers, although the deposition rates, growth
morphology and nucleation, or the roughness can sometimes be an issue leading to
inhomogeneities in the final layers. Nevertheless, MBE (molecular beam epitaxy) tech-
nique could have some advantages to obtain high‐quality metallic layers, with accu-
rate control of the growth due to ultra‐high vacuum conditions and high purity. In
this work, we study the use of advanced MBE systems to grow metallic stack precur-
sors, alternatively to sputtering or thermal evaporation techniques, to obtain
high‐quality CZTSe:Ge absorbers. Due to differences in the nature of each type of
precursor, thermal annealing optimizations are presented by modifying some critical
selenization parameters, such as the temperature or the selenium amount in order
to obtain well‐crystallized absorbers. Detailed morphological, compositional, and
structural characterizations show relevant features of each precursor, mainly related
to the formation of MoSe2 at the back interface, and Se and Sn composition after
selenization in different conditions. Regarding the solar cell devices, main efficiency
limitations come from VOC and FF, which could be tentatively related to a noncon-
trolled selenization; different precursor reactivity, porosity, or composition; and dif-
ferent alkali diffusion during the reactive annealing. Finally, in the first optimization,
a 9.2% efficiency device has been achieved with promising perspectives for future
improvements.
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Cu2ZnSn(S,Se)4 (CZTSSe) semiconductor materials have attracted con-
siderable attention in the last years, being one of the most promising
thin film photovoltaic absorbers, primarily through the use of earth
abundant elements and low toxicity.1-3 This makes kesterites CZTSSe
an interesting mid‐ to long‐term alternative to the widely known
CuIn1‐xGaxSe2 (CIGSe), thus allowing reducing the use of scarce ele-
ments like In and Ga.4 Apart from that, kesterite has several advanta-
geous properties to be a very suitable material for photovoltaic
applications: kesterite has p‐type conductivity naturally due to intrinsic
point defects; it is direct band gap semiconductor with a high absorp-
tion coefficient (~104 cm−1)5; its band gap can be easily tuned with
the ratio S/Se, from 1.0 eV, for the pure selenium Cu2ZnSnSe4 (CZTSe)
compound, to 1.5 eV, for the pure sulfur Cu2ZnSnS4 (CZTS)
6,7; and it is
highly compatible with CIGS technology, sharing several processing
steps and techniques. Furthermore, the fact that kesterite absorbers
can be synthesized with a large variety of techniques is another
advantage to consider, especially for future industrial perspectives.8-18
Regarding the deposition techniques, these are usually classified as
vacuum (mostly physical vapor deposition [PVD]‐based) and
nonvacuum techniques. Vacuum‐based methods include
coevaporation,8 thermal evaporation,9 e‐beam evaporation,10
sputtering,11 or pulsed laser deposition (PLD),12 among the most
widely used. While nonvacuum techniques include solution processing
via spin‐coating13/dip‐coating14/doctor‐blade‐coating15/spray16,17/
ink‐jet printing of the precursor,18 or electrochemical deposition.19
Currently, the certified highest efficiency (12.6%) has been achieved
using hydrazine‐based solution approach,20 although the wide variety
of deposition techniques, like coevaporation,8,21 sputtering,11,22-25
spray,26 spin‐coating,27,28 or doctor‐blade coating,29 have also given
efficiencies above 10%.
Historically, solar cells prepared by chemical‐based routes have
demonstrated better performances than the obtained by
physical‐based ones. Nevertheless, in the last few years, as illustrated
in Figure 1, there has been a remarkable improvement of devicesFIGURE 1 Evolution of the efficiency for selected kesterite solar
cells fabricated by PVD‐based processes (sputtering or
coevaporation techniques) in different institutions [Colour figure can
be viewed at wileyonlinelibrary.com]fabricated through PVD‐based approaches like sputtering and
coevaporation, which is of great importance from the industrial point
of view. In terms of scalability, in general, these vacuum‐based pro-
cesses are very interesting because they can be easily scaled‐up with
high reproducibility as it has been demonstrated by CIGSe. Regarding
coevaporation‐based kesterite absorbers, Lee et al21 from IBM
reported an 11.6% efficiency device in 2015, and also researchers
from the AIST have demonstrated efficiencies as high as 12.3% by
using this deposition technique, although with a Ge‐incorporated
Cu2Zn(Sn1‐xGex)Se4 (CZTGSe) kesterite absorber (Ge/Ge + Sn = 0.22).
8
Nevertheless, the available literature on kesterites show that the
sputtering is the most widely used PVD‐based technique. In this field,
IMEC and Nankai University both have reported 10.4% efficiencies for
pure selenium CZTSe devices,30,31 while IREC and Solar Frontier both
have achieved 11.8% efficiency for CZTSe24 and CZTSSe32 respectively,
DGIST has reported a 12.3% efficiency CZTSSe device,33 and theUNSW
has reported a certified 11.0% efficiency cell for pure sulfur CZTS.34
In this work, we study the use of advanced MBE (molecular beam
epitaxy) systems to grow metallic precursors stacks, alternatively to
the sputtering or the conventional thermal evaporation techniques, in
combination with the commonly used conventional tubular furnace
selenization in order to obtain high quality CZTSe absorbers. In
particular, the sputtering and the MBE deposition techniques will be
exhaustively studied and compared for the fabrication of high efficiency
kesterite solar cell devices. The sputtering deposition is a widely known
technique for the easy growth of metallic layers, although the deposi-
tion rates, the growth morphology and nucleation, or the roughness,
in some cases, can be an issue in the following steps, leading to inhomo-
geneities in the final layers after the thermal annealing. Nevertheless,
the MBE technique can have some advantages to obtain very high qual-
ity metallic layers, with an accurate control of the growth due to the
ultra‐high vacuum conditions (p < 10−8 Torr) as well as very high purity.2 | EXPERIMENTAL
The CZTSe absorbers were synthesized by employing a two‐stage
sequential process consisting in the deposition of metallic stacks, either
by DC‐magnetron sputtering (Alliance AC450) or by MBE, followed by
a reactive annealing under Se + Sn atmosphere. The structure of the
deposited stacks is the following: SLG/Mo/Cu(5 nm)/Sn/Cu/Zn, always
in Cu‐poor and Zn‐rich conditions, as has been recurrently proven to be
the optimum to obtain high performance kesterite devices.35,36 A
calibrated X‐ray fluorescence equipment (Fischerscope XVD) was used
to control and adjust the goal compositions and thicknesses. All the
precursors were doped with a 10‐nm‐thick layer of Ge, deposited by
thermal evaporation technique (Oerlikon Univex 250), based on the
good results obtained previously with this approach.22
Different reactive annealing conditions were performed in order to
assess the effect on each type of precursor. These thermal annealings
were performed using semi‐closed graphite boxes (69 cm3 in volume)
with varying Se quantities from 20 to 100 mg of Se powder and 5 mg
of Sn powder, in a conventional three‐zone tubular furnace. The
GIRALDO ET AL. 781annealing profile consisted in a two‐step process; first, 30 minutes at
400°C and 1 mbar (with Ar flux), and second, 15 minutes at different
temperatures from 500°C to 575°C and 1000 mbar total Ar pressure.
After that, the samples were naturally cooled down until room
temperature. Further details can be found elsewhere.24,37
In order to complete the solar cells, a chemical etching with
(NH4)2S was performed to prepare the absorber surface before the
growth of the CdS buffer layer (50 nm) by chemical bath deposition
(CBD). Immediately after the CdS deposition, the devices were
completed with i‐ZnO (50 nm) and In2O3‐SnO2 (ITO, 200 nm) by
DC‐pulsed sputtering (Alliance CT100). Finally, 3 × 3 mm2 solar cells
were mechanically scribed using a manual microdiamond scriber
(MR200 OEG Optical Metrology). In the case of champion cells, the
scribing was made to obtain a total cell area of 0.522 cm2, including
the deposition of MgF2 anti‐reflective coating and Ag metallic grid.
As‐grown CZTSe:Ge absorber layers were characterized using cal-
ibrated XRF to determine the composition after the different anneal-
ing treatments. In order to assess the impact of the different
annealing conditions on the layers morphology, cross‐sectional scan-
ning electron microscopy (SEM) (ZEISS Series Auriga) was performed
using 5 kV accelerating voltage. Raman scattering measurements were
obtained using a homemade Raman system coupled with an iHR320
Horiba Jobin Yvon spectrometer and a solid‐state laser with 532 nm
excitation wavelength. X‐ray diffraction (XRD) was carried out using
a PANalytical X'Pert PRO MPD Alpha1 powder diffractometer in
Bragg‐Brentano θ/2θ reflection geometry, from 4 to 145° with step
size of 0.017° and integration time of 200 seconds per step, using
Cu Kα1 radiation (λ = 1.5406 Å), and work power 45 kV‐40 mA.
Finally, J‐V characteristics of the finished solar cell devices were
analyzed under simulated AM1.5 illumination (1000 W/m2 intensity
at room temperature) using a calibrated Sun 3000 Class AAA solar
simulator (Abet Technologies), as well as the external quantum effi-
ciency (EQE) of the best devices (Bentham PVE300). Additional depthFIGURE 2 Cross‐sectional SEM micrographs of metallic stack precursors
figure can be viewed at wileyonlinelibrary.com]profiling analysis was performed by GDOES measurements using a
Horiba Jobin Yvon GD Profiler 2 spectrometer, equipped with an
anode diameter of 4 mm and 19 element channels.3 | RESULTS AND DISCUSSION
To compare the metallic precursors, Cu/Sn/Cu/Zn stacks were depos-
ited either by sputtering or MBE system. Figure 2 shows the cross‐
sectional SEM micrographs of both types of precursors, where the
MBE‐deposited ones are significantly rougher when compared with
the sputtered ones. Analyzing in more detail these films, two layers
can be clearly distinguished from their morphology, which correspond
to Cu‐Sn metallic phases or bronzes (in red), and Cu‐Zn metallic
phases or brasses (in blue). Additional XRD characterization was per-
formed on these layers (see Supporting Information, Figure S2),
confirming the presence of the same metallic phases and practically
the same relative amounts, mainly Cu6Sn5, Cu5Zn8, and metallic Sn
phases. Since the temperatures applied during the precursor deposi-
tion are kept below 100°C, the stack structure is what determines
the position of the formed alloys, keeping the bronzes at the bottom
and the brasses on top. In fact, this strategic stack configuration allows
minimizing to some extent the free Sn metallic phases that normally
lead to the well‐known Sn loss during the reactive annealing treat-
ments.36,38 Besides, the precursor morphology is something to pay
special attention on, since it could impact to some extent on the final
film roughness and morphology but also can affect the composition
homogeneity. Actually, recent studies have shown high efficiencies
in kesterite devices with relatively simple processing steps through
the selenization of very flat and smooth precursors,25 as well as the
hydrazine‐based approaches that can synthesize very homogeneous
layers, which have achieved the highest efficiencies reported for
CZTSSe solar cells.20deposited by A, DC‐magnetron sputtering and B, MBE system [Colour
782 GIRALDO ET AL.The optimization of the thermal annealing processes is a key factor
when the properties of the precursors are modified due to different
deposition systems. The porosity, the compactness or the roughness
are some of the characteristics that can be affected by the deposition
technique, and these have to be considered to adjust the reactive
annealing processes, since it can affect the final layer morphology,
the degree of molybdenum selenization, the presence of undesired
secondary phases, etc.
Therefore, different annealing conditions were tested for both
types of metallic precursors, by modifying two of the most relevant
selenization parameters: (a) the second step annealing temperature
(ie, crystallization temperature) and (b) the selenium quantity, which
will impact on the selenium partial pressure during the process.
Figure 3 shows the SEM analysis of the samples fabricated using dif-
ferent annealing conditions. Here, the effect of the annealing temper-
ature is assessed (from 500°C to 575°C) for each type of precursor,
keeping the Se amount constant (100 mg). As one could expect, the
increasing crystallization temperature leads to a gradual increase of
the grain size for both types of precursors. Nevertheless, larger grains
are systematically obtained for the sputtered precursors (see Figure 3
A), and additionally the degree of selenization of the molybdenum
back contact is much lower in this case. This likely indicates a higher
porosity of the MBE‐deposited precursors, allowing a fast diffusion
of the Se vapors towards the back contact, which could be controlledFIGURE 3 SEM analysis showing the effect of the reactive annealing temp
and from B, MBE‐deposited metallic precursors. MoSe2 layer is colored in oto some extent by the Se vapor pressure as will be shown below. A
reasonable explanation for the different grain growth could be the dif-
ferent nature of the MBE and sputtered precursors; indeed, compared
to the former, sputtered films are typically more compact with reason-
ably higher compressive stress, which is known to act as a driven force
for the grain growth during the annealing treatment.39,40
As previously commented, the Se amount introduced during the
selenization can be directly related to the Se partial pressure during
the process. In Figure 4, a better crystallization with bigger grains is
corroborated for the sputtered precursors, while the MBE‐deposited
ones show a clear overselenization of the back contact with the
increasing Se quantity up to 100 mg. This confirms a similar behavior
as with the variation of the annealing temperature, although the Se
quantity has a greater impact on the molybdenum selenide thickness
for the MBE‐deposited samples. This consistently observed higher
degree of selenization likely reflects a higher reactivity of the MBE‐
evaporated precursors or porosity.
Further compositional analysis corroborates some of the previous
observations. As can be seen in Figure 5, the Se content in the
absorbers from sputtered precursors remains practically constant,
regardless of the temperature increase or the Se quantity used in
the reactive annealing, while it gradually increases for the MBE‐
deposited samples as both temperature and Se quantity are increased.
Thus, this confirms the overselenization previously shown by SEMerature on the layers morphology, from A, sputtered metallic precursors
range [Colour figure can be viewed at wileyonlinelibrary.com]
FIGURE 4 SEM analysis showing the impact of the Se quantity used for the reactive annealing process on the layers morphology, from A,
sputtered metallic precursors and from B, MBE‐deposited metallic precursors. MoSe2 layer is colored in orange [Colour figure can be viewed at
wileyonlinelibrary.com]
GIRALDO ET AL. 783analysis, being this type of precursors more susceptible to
selenization. Nevertheless, the composition in the case of the
sputtered precursors seems not to depend on the variation of the
two studied parameters (T and Se quantity).
On the other hand, looking at some characteristic compositional
ratios (see Figure 5), intriguingly they show that Sn becomes addition-
ally incorporated with the increasing annealing temperature and Se
amount, in particular for the MBE‐deposited samples. Cu/Sn and
Zn/Sn ratios are significantly reduced as both parameters are
increased. As it widely known, Sn tends to be adjusted by means of
SnSe2 presence during the reactive annealing, and probably due to
the higher reactivity of the MBE‐evaporated precursors, the control
of this element becomes even more critical than for the sputtering.
To further investigate the effect of this compositional variations on
the structural properties, the crystalline quality or the presence of
undesired secondary phases, Raman spectroscopy analysis were per-
formed on the different samples (see Figure S1 in the Supporting
Information). Interestingly, rather small differences were observed in
terms of crystalline quality, defects, or secondary phases (those
detectable with green excitation wavelength, 532 nm). Thus, suggest-
ing a very similar material, structurally speaking.
To eventually see the impact on the device performance, all these
layers were made into solar cells and measured under a solar simula-
tor. Figure 6 compares the photovoltaic parameters extracted fromthe measured illuminated J‐V curves for the two types of samples as
the annealing temperature is changed. A similar trend can be observed
for the efficiencies and FF of sputtered and MBE‐evaporated samples,
although the sputtered ones start to deteriorate for the highest tem-
perature (575°C). Looking at the other parameters, in general, we
observe quite similar values and trend for the current density (JSC).
However, the open‐circuit voltage (VOC) remains notably lower for
the MBE‐deposited precursors.
Additionally, Figure 7 shows how the Se amount during the reac-
tive annealing affects the photovoltaic parameters of the different
devices. Clearly, the MBE‐evaporated precursors are some more
dependent on the Se quantity, showing a slight improvement of the
VOC and FF values with the increasing Se, while for the sputtered pre-
cursors it has an almost negligible effect.
Intriguingly, the voltage values for all the MBE‐deposited samples
are remarkably lower when compared with the sputtered ones,
regardless of the selenization parameter that has been modified. Due
to different system technical requirements for the sputtered and the
MBE‐deposited precursors, two different soda‐lime glass thicknesses
were used as well as different Mo depositions for each kind of precur-
sor (the Mo back contact was previously optimized for each type of
process, ie, sputtering and MBE, at IREC and AIST, respectively)
although they were deposited to obtain the same thicknesses and
electrical properties and were both stored in equal conditions.
FIGURE 5 XRF compositional analysis (Se % content and relevant compositional ratios) of kesterite absorbers synthesized from sputtered (lines)
and MBE‐deposited precursors (dashed lines) as function of A, the annealing temperature and B, the Se quantity [Colour figure can be viewed at
wileyonlinelibrary.com]
FIGURE 6 Photovoltaic parameters of solar cell devices fabricated from sputtered and MBE‐evaporated precursors as function of the reactive
annealing temperature. For comparison, the Se quantity remained constant at 100 mg in all these cases [Colour figure can be viewed at
wileyonlinelibrary.com]
784 GIRALDO ET AL.
FIGURE 7 Photovoltaic parameters of solar cell devices fabricated from sputtered and MBE‐evaporated precursors as function of the Se
quantity used for the selenization process. For comparison, the annealing temperature remained constant at 550°C in all these cases [Colour
figure can be viewed at wileyonlinelibrary.com]
GIRALDO ET AL. 785Specifically, 3‐mm glass substrates were used for the sputtering, and
1‐mm glass substrates were used for the MBE system. Therefore,
the alkali diffusion, especially sodium, is a factor that must be consid-
ered. It is well known that sodium plays an important role in control-
ling the electrical properties, mainly modifying the doping
concentration. In particular, sodium increases hole density and leads
to higher built‐in voltage, thus obtaining higher VOC. Moreover, it
can reduce the concentration of certain deep recombination centers,
further improving the VOC, and also importantly, it can enhance the
FF due to the increased CZTSe conductivity by the higher hole density
and mobility.41 The fact of using a thinner glass substrate together
with the use of slightly different Mo layers could probably lead to dif-
ferent sodium dynamics; thus, a nonoptimal sodium diffusion into the
CZTSe absorber layer during the synthesis and also considering that all
the conditions and parameters of the different fabrication processes
are optimized for the thicker substrates. This could reasonably explain
the lower voltages systematically obtained for the MBE‐evaporatedFIGURE 8 GDOES depth profiles of two comparable CZTSe devices f
increase of the Zn signal in the 10 to 12 sputtering seconds at the beginn
be viewed at wileyonlinelibrary.com]precursors and also the different evolution of the FF values in both
types of samples with the increasing temperature. While the MBE‐
deposited samples show a gradual improvement of the FF, the
sputtered precursors show a sharp drop of this parameter for the
highest temperature. Since the temperature is closely related to
sodium diffusion, this could be related to an excess of sodium in the
second case and still a lack of sodium in the first one. Besides, it is well
known that the presence of Na during the reactive annealing strongly
influences the grain growth and crystallinity, leading to larger grain
sizes and better morphologies.42,43 Therefore, this also correlates well
with the previous absorbers' SEM characterization showing bigger
grains for the sputtered samples, since they are deposited onto thicker
glass substrates. In particular, sputtering‐based layers show slightly
Zn‐rich compositions, which have been shown to be optimal to
enhance the conversion efficiency44; therefore, further studies are
needed in order to analyze the impact of the composition in MBE‐
grown layers.abricated from A, sputtered and B, MBE‐deposited precursors. The
ing corresponds to the i‐ZnO of the window layer [Colour figure can
FIGURE 9 Illuminated J‐V curve of the champion solar cell from MBE‐deposited precursors compared with the sputtered one (A) and EQE (B)
[Colour figure can be viewed at wileyonlinelibrary.com]
786 GIRALDO ET AL.In order to assess the Na supply from the different substrates,
Figure 8 shows the GDOES depth profiles of two complete devices,
from a sputtered and from an MBE‐deposited precursor, both syn-
thesized using the same annealing conditions (550°C and 100 mg
Se). Na amount and distribution in the CZTSe are similar in both
devices: Very low amount is detected inside the absorber layers
whereas similar Na segregations are observed at the front (CdS/
CZTSe) and at the back (CZTSe/MoSe2) interfaces. However, the
quantity of Na detected in the Mo layer is notably higher for the
3‐mm glass substrate sample, ie, the sputtering‐based one. There-
fore, the Na supply and availability during the reactive annealing in
this kind of samples could be expected to be higher, which would
support our previously stated hypothesis. Additionally, the GDOES
profiles show a thicker MoSe2 interface layer in the MBE sample
compared with the sputtered one, in accordance with the SEM
cross‐sections in Figures 3 and 4.
Further optimizations of the precursor composition, finally led to a
conversion efficiency of 9.2% (total area, 0.522 cm2) with MgF2 anti-
reflective coating for MBE‐deposited precursors. Figure 9 shows the
champion J‐V curve and EQE for samples from MBE‐evaporated
layers, compared with the best sputtering‐based cell. This champion
sputtering‐based solar cell was fabricated in a different batch, using
the optimized baseline process, achieving an efficiency greater than
11%, and is shown for comparison. As can be seen, relatively high cur-
rent densities are achieved, exceeding 39 mA/cm2, which are at the
same level of the best cells reported so far for the pure selenide
CZTSe compound.21,25 Nonetheless, VOC and especially FF values
remain still lower compared with these record devices. As discussed
earlier, this might be explained by a less controlled selenization and
a nonoptimal alkali content, which can have a great impact on these
solar cell parameters.
In the same vein, Figure 9A shows the clear difference between
the two champion solar cells, the one synthesized from MBE‐
evaporated precursors and the one from sputtered precursors, and
the VOC is the main responsible, leading to slightly higher voltage
deficits for the MBE system (about 340 mV vs 325 mV as determined
by using the Schockley‐Queisser limit). Additionally, Figure 9B shows
the EQE of these two devices, where a slight difference in the band
gap can be seen (1.0 eV for the MBE and 1.04 eV for the sputtering,estimated from the EQE using the derivative method), although it does
not seem of great relevance; this small variation would not totally
explain the difference in VOC as well as it could be due to slight com-
positional differences.4 | CONCLUSIONS
In this work, the use of MBE‐deposited metallic stack precursors has
been studied as an alternative for the commonly used sputtered or
thermally evaporated precursors to synthesize CZTSe photovoltaic
absorbers. Apparently, MBE‐deposited precursors exhibit similar prop-
erties and the presence of the same metallic phases compared to the
sputtered ones. Nevertheless, the first ones show a different behavior
during the reactive annealing, incorporating higher Se quantities with
the concomitant thicker MoSe2 layer at the Mo/CZTSe interface,
and exchanging relevant amounts of Sn with the annealing atmo-
sphere, probably due to a higher reactivity of these type of precursors.
Regarding solar cell devices, the main efficiency limitations come from
the VOC and FF, most likely due to a nonoptimal alkali supply and/or
composition, and a less controlled selenization. Finally, in the first opti-
mization, a 9.2% efficiency cell (9.8% efficiency, active area) is
achieved, demonstrating that MBE systems are a suitable technique
to fabricate metallic stack precursors and obtain high performance
solar cell devices, at the level of widely used techniques like sputtering
or thermal evaporation. The work presented here opens promising
perspectives for the future development of kesterites, giving alterna-
tive approaches to fabricate high efficiency kesterite solar cells.ACKNOWLEDGEMENTS
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